Two austenitic steels, two duplex steels and two nickel alloys widely used in chemical and power engineering were under study. Slow strain rate tests in various aggressive media and fatigue tests were carried out with aim to evaluate the resistance of the structural alloys to the environment influence and cyclic loading. The resistance was closely related to the qualitative and quantitative aspects of micromechanisms of crack propagation, namely on share of the cleavage fracture, intergranular decohesion and other low energy fracture types. The sensitivity of materials to the brittleness depended on the interaction between microstructure and testing (or service) conditions -especially loading and environment under the given temperature. In the paper, some correlations between fractographic features of specimen fracture and testing conditions are presented.
Introduction
Fracture and corrosion losses re-counted as a share of the gross domestic product of developed countries are about 8 % together [1] . Currently these losses in the Czech Republic can be estimate up to 300 billion CZK per year. Except of the economical losses, it is necessary to emphasize the ecological consequences (e.g., the endangering of the environment due to the aggressive medium escape out of the rusted pipeline etc.), health threat and eventually endangering of the human lives too. Six top corrosion resistant alloys under study differ not only by their resistance to the aggressive environment influence and to the mechanical loading, but also by their price. Thus in engineering practice, the optimal choice of structural alloys for the given specific conditions depends on many factors [2] . The experimental programme, the results of which are summarized in the paper, was focused on six types of very noble high alloyed materials: two duplex stainless steels, two austenitic stainless steels, and two nickel alloys. These alloys are often used in the power, chemical, and food-processing industry. The aim of the study was to verify the corrosion resistivity especially in the media containing chloride ions and the fatigue properties of the mentioned materials. The fractographic analysis of the damaged specimen fractures helped to complete the experimental programme. The resistance of the alloys to both corrosion and fatigue is a correlative with the crack growth micromechanisms. As an example, the share of the cleavage fracture, the intergranular decohesion and other low energy fracture mechanisms increases the crack propagation rate. The brittleness of materials is result of the interaction between microstructure and stress-strain field given by loading character, temperature, environment aggressiveness and other service or testing conditions. Experimental research was focused also on the study of the relation between fractographic features of the specimen fracture and testing conditions.
Materials under study
All corrosion resistant materials under study, i.e., duplex stainless steels X2CrNiMoN 22-5-3 (Uranus 45N) and X2CrNiMoCuN 25-6-3 (Uranus 52N+), austenitic stainless steels X1CrNiMoCuN 25-25-5 (Uranus SB8) and X1NiCrMoCuN 25-20-7 (Uranus B26), and nickel alloys X1NiCrMoCu 32-28-7 (Nicrofer 3127hMo) and NiCr23Mo16A1 (Nicrofer 5923hMo) were delivered in a form of the blank sheets of thickness between 4.5 and 10 mm. In the text below, the abbreviation UR will be used for the alloys type of Uranus. After the forming, these sheets had been exposed to the heat treatment consists of solution annealing at about 1050°C and following rapid cooling in the water. The microstructure of the materials in L-T cross section studied by means of the light microscope is documented in Figs 1-6. In comparison with both austenitic steels and Ni-alloys, the microstructure of duplex steels is much finer. 
Experimental 3.1 Corrosion testing
The resistivity against mechanical stress in aggressive media was investigated by slow strain rate test (SSRT [5, 6] ). Cylindrical test specimens with diameter 2 mm and working part length 10 mm were used. The longitudinal axis of the specimens was parallel to the rolling direction. These tests were carried out in corrosion media the characteristics of which are summarized in Table 3 . For comparison, the same tests were carried out in the inert medium (glycerol).
Overall 38 specimens were loaded at strain rate 3 x 10 -6 s -1 and at elevated temperature T = (60÷120) °C. The outer surface and fracture of all tested bodies were observed using light microscopy. The selected specimens were subjected to the detailed microfractographic analysis. Following output testing characteristics were measured and evaluated: a) time to the failure tmax, b) stress at the failure σmax, c) embrittlement factor Fz [8] , d) elongation A, e) contraction Z, f) mechanism of the failure. As an example of the SSRT results, time to the failure t max for all six alloys under study in solutions with high content of chloride ions (CaCl 2 and CaCl 2 + FeCl 3 ) at high temperature T = 120°C is presented in Fig. 7 . It is evident, that corrosion resistivity of the alloys strongly depends on their PRE N -the duplex steels (Uranus 45 N and Uranus 52N+) show the lowest time to failure, while the nickel alloys (Nicrofer 3127Mo and Nicrofer 5923hMo) have the highest one. The similar trend has also analogous relation between the failure stress σ max and PRE N .
Corrosion resistivity of the most alloyed Nicrofer 5923hMo is superb even in the very aggressive media, i.e. ASTM G28B and "green death" with very low pH. Corrosion intensity of media increasing with increasing temperature, even in the case of the medium CaCl 2 with high content of chloride ions but with pH on the inert level -see Fig. 8 where stress at failure σ max vs. temperature T for both duplex steels under study is presented. It is also evident that with increasing temperature of media the steels become more brittle -both elongation A and contraction Z is decreasing. 
Fatigue testing
By means of servo-hydraulic machine INOVA ZUZ 50, the fatigue tests of CT-specimens (width W = 38 mm, length L = 45.6 mm and thickness B = 4 mm) at constant stress range were carried out. The loading direction was parallel and the fatigue crack growth direction was perpendicular to the rolling direction of material sheets. Initial notch in the specimens was extended and sharpen by electro-spark method. The fatigue tests were realized at room temperature, stress ratio R = 0.1 and loading frequency f = 10 Hz. The crack length vs. the number of applied cycles was monitored simultaneously by both optical and potential drop method during the fatigue testing. The data obtained were statistical processed into the form of the fatigue crack growth rate v = da/dN as a function of the stress intensity factor range ∆K [9] where ∆F is the load range. Best fitted curves for all six materials under study in the region of middle ∆K are presented in Fig. 9 as well as corresponding Paris law constants. The fatigue specimens were tested until the final failure. Specimen fractures were subjected to the detailed fractographic analysis focused on the fatigue fracture mechanism study.
Fractographic analysis
The investigation of degradation processes was completed by fractographic analysis of the failed SSRT and fatigue specimens [10] , [11] . The fracture micromorphology was studied by means of scanning electron microscope Jeol JSM 840A. The aim of the analysis was the determination of the failure type and corresponding corrosion or fatigue mechanisms. As an example of the results obtained on SSRT specimen, micrographs of stress corrosion cracking of both duplex steels in media with high content of chloride ions (CaCl 2 and CaCl 2 +FeCl 3 ) are presented in Figs. 10-13. For comparison, fracture micromorphology of these steels in the inert medium (glycerol) at the same temperature T = 120 °C is shown too. Fracture of the specimens tested in glycerol has ductile character while fracture of the specimens tested in aggressive media is mostly quasicleavage with many secondary microcracks. These microfractographic findings correspond to the macroscopic ones, i.e., to the low elongation A Fig.10 Uranus 45N, 120 °C, glycerol. and reduction in area Z in the aggressive media at elevated temperature (see, e.g., Fig. 8 ). From both micro-and macroscopic point of view is evident that increasing of aggressive media temperature results in loss of ductility and increase of brittleness of the alloys. This conclusion is very important for the application of the alloys as structural materials in engineering practice.
Fig.12
Uranus 52N+, 120 °C, glycerol. Fig.13 Uranus 52N+, 120 °C, CaCl 2 +FeCl 3 .
By means of qualitative fractographic analysis of fatigued CT-specimens, it was found out that the process of fatigue failure could be divided into three phases: initiation of the fatigue crack in notch root, transcrystalline propagation of the fatigue crack mainly by striation formation mechanism (e.g., see Fig. 14) , and ductile transcrystalline final fracture. In the lower ∆K range, the cleavage facets were also observed on the fracture of austenitic materials (e.g., see Fig. 15 ) [11] . At the same ∆K value, macroscopic crack growth rate in duplex steel Uranus 45N was significantly higher than in duplex steel Uranus 52N + (see Fig. 9 ), although striation spacing for the both steels were almost the same (e.g., see Table 4 ). This fact leads to the conclusion that 
Discussion
Extensive research project was focus on six noble corrosion resistant materials -two duplex steels, two austenitic steels and two nickel alloys: a) Duplex steels (Uranus 45N, Uranus 52N+): In general agreement with Hall-Petch relation, very good static mechanical properties of these steels are given especially by their fine structure. In the case of duplex steels, not only grain boundaries but also phase boundaries between ferrite and austenite contribute to the yield stress [12] . Worse corrosion resistance in comparison with both austenitic steels and nickel alloys under study corresponds to relatively low PRE N that quantifies the content of Cr, Mo, V, and N. SSRT specimen fractures had quasicleavage character. Resistivity to fatigue crack growth of the steels is rather worse in comparison with austenitic materials especially because of ferrite content. In ferrite grains, intensity and density of persistent slip bands is higher than in the austenite grains and fatigue cracks initiate and propagate preferentially in the ferrite [13] . Apart from this argument, also the fine grain microstructure of the duplex steels is more likely disadvantage from point of view of the resistance against the fatigue crack growth. Predominant micromechanism of the fatigue crack growth was the transcrystalline striation formation. In comparison with other alloys, the higher fatigue crack growth rate v = da/dN in these alloys was not done by the higher striation spacing s, but by the participation of other fracture micromechanisms, the influence of which was proved by the presence of intercrystalline facets and ductile dimples on the fracture surface. Generally, their formation accelerates crack propagation and thus inequality D = v/s > 1 is valid (see, e.g. [14, 15] ). b) Austenitic steels (Uranus SB8, Uranus B26): High toughness of these steels is as usually accompanied by the lower yield stress. In comparison with duplex steels, the corrosion resistance of these steels is rather better because of the higher PRE N , but in the most aggressive media with very low pH they failed too. The higher value of PRE N was not achieved by the increase of Cr content because of its negative influence on the material process ability but by increase of Mo and N content [16, 17] . The resistivity of the both austenitic stainless steels to fatigue crack growth is very good. This fact is usually related to their low stacking fault energy and their planar slip character [18] . Apart from this explanation, there is also other effect based on the concepts of roughness-induced crack closure -relatively coarse-grained structure reduced the fatigue crack growth rate, especially at low ∆K and at low stress ratio R [19] .
Predominant micromechanism of fatigue crack growth was the transcrystalline striation formation. c) Nickel alloys (Nicrofer 3127 hMo, Nicrofer 5923 hMo): Static mechanical properties of these alloys are better than the same properties of austenitic steels, but worse than these properties of duplex steels under study. Corrosion properties of these nickel alloys are outstanding. Especially Nicrofer 5923hMo proved the fracture at high stresses and after long times during the SSRT in all environments including the extremely aggressive media with very low pH at elevated temperatures. From point of view of resistivity to fatigue crack growth, there is substantial difference between the two mentioned nickel
alloys -in the all tested range of ∆K, the fatigue crack growth rate in Nicrofer 3127 hMo is relatively low and comparable with austenitic steels, while more alloyed Nicrofer 5923 hMo proved much higher values. According to the general findings valid for many alloys (for Ni alloy, see e.g. [20] ), this fact can be related to the lower austenitic grain size of Nicrofer 5923 hMo than Nicrofer 3127 hMo. Similarly as in the case of duplex steels, the higher crack growth rate was not accompanied by the higher striation spacing, but by the presence of intercrystalline facets and ductile dimples.
Conclusions
Results of slow strain rate tests in liquid environment with low pH and high content of chloride ions at elevated temperatures, fatigue crack growth tests, metallography and fractography together with basic characteristics of alloys under study result in following findings:
• Duplex steels (Uranus 45N and Uranus 52N+) are distinguished by the best yield and ultimate stress, but by worse resistivity to fatigue crack growth. They are also sensitive to stress corrosion cracking in the liquid environment with low pH and high content of chloride ions especially at temperatures higher than 80 °C. With increasing temperature, fracture stress, time to the fracture, elongation and reduction in area go down.
• Austenitic steels (Uranus SB and Uranus B26) have worse static mechanical properties, but the best resistance to the fatigue crack growth. For these steels, the stress corrosion cracking was not proved in environments with high content of chloride ions (≤ 16.2% Cl-) and lower pH (≥ 3.4) at temperatures up to 120 °C.
• Ni-alloys (Nicrofer 3127hMo and Nicrofer 5923hMo) have good static mechanical properties and excellent resistivity to corrosion media with high content of chloride ions and low pH at elevated temperature. Even the second one is distinguished by the high fracture stress and the longest time to the failure in all environments including the extremely aggressive media with pH = 0.3 at temperatures up to 120 °C. In contrast, the resistance of this alloy to fatigue crack growth is rather worse. Very important source of information was fractographic analysis of failure specimens, that proved that lower resistance to corrosion and/or fatigue crack growth is related to share of some low energy fracture micromechanisms as a quasicleavage, intergranular decohesion etc. The comparison of six top corrosion resistant alloys in terms of their resistance to mechanical static or cyclic stresses and to corrosive effects of aggressive media at elevated temperatures provides an objective basis for the optimal choice of the structural material for the application in practice. Apart from the mentioned material properties, also economic aspects play substantial role in this choice. Because of relatively high market price of nickel, its content is decisive in the decision-making process [10] .
